Autophagy has been shown to be a key cellular event controlling tumor growth in different neoplasms including hepatocellular carcinoma (HCC). Although this biological role of autophagy has been clearly established, the mechanism underlying its regulation remains elusive. Here, we demonstrate a role of sulfatase 2 (SULF2), a 6-O-endosulfatase modulating various growth factors and cytokine-related signaling pathways controlling tumor cell proliferation and survival, in the regulation of autophagy in HCC cells. SULF2 increased autophagosome formation, shown by increased LC3B-II protein and green fluorescent protein-LC3 puncta. Increased fusion between autophagosomes and lysosomes/ lysosomal enzymes, higher expression of lysosomal membrane protein, and an increase in autolysosomes were also shown by western blot, immunofluorescence, and electron microscopy of SULF2-expressing cells, indicating enhanced autophagic flux. In contrast, RNA-interference silencing of SULF2 in Huh7 cells induced lysosomal membrane permeabilization with diffuse cytosolic staining of cathepsin D and punctate staining of galectin-3. Analysis of the mechanism showed that inhibition of lysosome-associated protein transmembrane 4 beta (LAPTM4B), a gene induced by SULF2, resulted in decreased autophagosome formation, decreased fusion between autophagosomes and lysosomes, and increased lysosomal membrane permeabilization. Interestingly, down-regulation of LAPTM4B also phenocopies the knockdown of SULF2, significantly reducing cell viability and colony formation. Conclusion: Our results demonstrate a role for SULF2 in the regulation of autophagic flux that is mediated through LAPTM4B induction in HCC cells, and provide a foundation for future translational efforts targeting autophagy in liver malignancies. (Hepatology Communications 2019;3:1520-1543).
When normal cells are not able to clear cellular debris, dysfunctional organelles, and misfolded proteins, chronic tissue damage that can lead to malignant transformation occurs. At the early stages of carcinogenesis, transformed cells can be sensed and eliminated by autophagy. At later disease stages when intracellular components such as nutrition and oxygen are relatively deficient, activation of autophagy helps cancer cells adapt and survive. (1, 2, 7) Thus, increasing our understanding of the mechanism regulating the activation of autophagy will be key for the development of new therapeutic approaches targeting this cellular event in different tumors.
Here, we provide evidence of a mechanism involving sulfatase 2 (SULF2) expression in the regulation of autophagy in hepatocellular carcinoma (HCC) cells. SULF2 is an enzyme that modulates signaling pathways by selectively removing 6-O-sulfate groups from the heparan sulfate chains of heparan sulfate proteoglycans (HSPGs), which serve as co-receptors or sequestration sites for numerous growth factor and cytokine signaling ligands. (8) Our data unveiled a pathway driven by SULF2 that controls autophagy in HCC cells by inducing the expression of lysosome-associated protein transmembrane 4 beta (LAPTM4B). We report in this study that LAPTM4B is an essential effector for this role of SULF2 in the regulation of autophagy in HCC cells.
Results

sulF2 inDuCes autopHagy in HCC Cells
Overexpression of SULF2 promotes autophagy in HCC cells (Fig. 1 ). Both Huh7 scrambled short hairpin RNA (shRNA) transfected cells and Hep3B SULF2 plasmid transfected cells, which express high levels of SULF2 protein, showed higher LC3B-II and lower p62 on western blot (Fig. 1A) , demonstrating an increased autophagy in cells overexpressing SULF2. When treated with bafilomycin-A1, LC3B-II was further increased. Bafilomycin-A1 blocks fusion between autophagosomes and lysosomes in the late phase of autophagy by inhibiting lysosomal vacuolar-type H+-adenosine triphosphatase. This result suggests that increased LC3B-II in SULF2-expressing cells is not due to the blocking of autophagic flux, but occurs due to increased autophagosome formation.
Confocal microscopy of HCC cells stably expressing green fluorescent protein (GFP)-LC3 also confirmed increased autophagosome formation in SULF2-expressing cells (Fig. 1B) . The proportion of cells showing LC3 puncta (> 30 puncta/cell) was significantly higher in SULF2-expressing cells, and the proportion further increased after bafilomycin-A1 treatment.
To demonstrate further whether the increased autophagosomes in SULF2-expressing cells complete the process of autophagic flux through fusion with lysosomes, the red fluorescent protein (RFP)-GFP-LC3B assay was performed. Both autophagosome (yellow puncta) and autolysosomes (red puncta) were increased in SULF2-expressing cells (Fig. 1C ). Finally, electron microscopic studies revealed that autophagosomes and autolysosomes are both increased in SULF2-overexpressing cells (Fig. 1D ). These results indicate that the increase in autophagosomes in cells overexpressing SULF2 undergo complete autophagic flux.
aRtiCle inFoRmation: Bafilomycin-A1 (100 nM) was treated to inhibit the fusion between autophagosomes and lysosomes. Quantification was performed by counting a total of 50 cells in 10 random fields (5 cells/field) and presented as bar graphs (mean ± SEM). Abbreviations: GFP, green fluorescent protein; RFP, red fluorescent protein; SEM; standard error of the mean; SULF2, sulfatase 2.
sulF2 Depletion is assoCiateD WitH DisRupteD lysosomal FunCtion
Because the increase in autolysosomes was significantly higher in SULF2-expressing cells, we investigated the functional underpinnings of this observation by assessing the levels of proteins associated with lysosomes. The expression of lysosomeassociated membrane protein 1 (LAMP1), was decreased in whole cell lysates of cells with silenced or low SULF2 expression. No differences were observed in the levels of the uncleaved apoptotic initiator caspases, caspase-8 and caspase-9, or poly(adenosine diphosphate ribose) polymerase (PARP). Further, the cleaved forms of the caspases and PARP were not seen in the HCC cell lines by western blot (Fig. 2 ). Expression of Bak and Bax proteins also did not significantly differ between SULF2-negative and SULF2-positive HCC cells. Bcl-2 proteins were not expressed in either the Huh7 or Hep3B cells. Significant differences were seen in the levels of the lysosomal enzymes cathepsin D and cathepsin B, which were increased in silenced or low SULF2-expressing cells (Fig. 2) .
A potential explanation for the lower levels of LAMP1 and increase in cathepsin D and cathepsin B in cells with silenced or low SULF2 expression is that suppression of SULF2 is associated with disruption of lysosomal integrity and increased release of lysosomal enzymes (i.e., lysosomal membrane permeabilization [LMP]). To confirm this hypothesis, we performed immunofluorescence analysis.
In SULF2-expressing cells, the colocalization between autophagosomes (anti-LC3B, red) and lysosomes (anti-LAMP1, green) was significantly higher than in SULF2-silenced or negative cells ( Fig. 3A) . Similarly, when cells were stained for autophagosomes (anti-LC3B, red) and lysosomal enzymes (anti-cathepsin D, green), significantly higher colocalization between the two proteins was again observed in SULF2-expressing cells (Fig. 3B ). Next, the cells were labeled with anti-cathepsin D and anti-LAMP1 antibody to demonstrate the presence of LMP. In SULF2-expressing cells, more colocalization between cathepsin D and LAMP1 was observed ( Fig. 4A ). On the other hand, SULF2silenced Huh7 cells showed diffuse cytosolic staining of cathepsin D and irregular LAMP1 staining, a characteristic finding of LMP ( Fig. 4A , lower panel in Huh7). To verify this finding, we additionally performed a galectin-3 puncta formation assay. When the lysosomes are damaged, galectin-3 translocates from the cytosol to the disrupted lysosomes, which induces a change in its staining pattern from diffuse to punctate form. SULF2-positive Huh7 cells showed diffuse In Hep3B cells transfected with SULF2 plasmid, a significantly higher rate of colocalization was also observed between cathepsin D and LAMP1 (Fig. 4A , lower panel in Hep3B). However, in control vectortransfected Hep3B cells, LMP was not evident (Fig. 4A , upper panel in Hep3B). When Hep3B cells were stained for galectin-3 and LAMP1, similar findings were observed. Although SULF2-overexpressed Hep3B cells showed more staining for lysosomes ( Fig. 4B , lower panel in Hep3B), both SULF2-negative and SULF2-positive Hep3B cells only showed diffuse cytosolic staining for galectin-3, indicating no significant lysosomal damage in these cells (Fig. 4B ).
Consistent with these western blot and immunofluorescence findings, cathepsin D and cathepsin B activity were significantly higher in the whole cell lysates of HCC cells with low SULF2 levels ( Fig. 5 ). Therefore, depletion of SULF2 substantially disrupts lysosomal function. 
laptm4B meDiates sulF2-assoCiateD autopHagy
Next, we sought to identify interacting molecules mediating SULF2-induced autophagy. Previously, we reported HCC-associated genes that are also correlated with SULF2 expression. (9) Lysosome-associated protein transmembrane 5 (LAPTM5) was positively correlated with SULF2 expression in our previous study (r = 0.42). Although its function is not fully known, LAPTM4B also belongs to the LAPTM family and shares several characteristics with LAPTM5. (10) In addition, LAPTM4B is known to be associated with poor prognosis in HCC, whereas LAPTM5 is primarily expressed and functional in bone marrow and blood cells. Therefore, we assessed the expression of both LAPTM5 and LAPTM4B in HCC cells.
Quantitative real-time polymerase chain reaction (PCR) analysis showed that both LAPTM5 and LAPTM4B are positively associated with SULF2 expression in HCC cells ( Fig. 6A ). We focused our subsequent experiments on LAPTM4B and identified that LAPTM4B protein levels are also increased in SULF2-expressing HCC cells ( Fig. 6B) .
To determine the impact of LAPTM4B on autophagy, SULF2-expressing cells were treated with small interfering RNA (siRNA) targeting LAPTB4B. Forced depletion of LAPTM4B resulted in decreased autophagy, as evidenced by low LC3B-II expression on western blot (Fig. 7A) . In contrast, similar to the result seen with SULF2 silencing, cathepsin D was increased and LAMP1 was decreased following LAPTM4B siRNA treatment, suggesting that both SULF2 silencing and LAPTM4B depletion induce LMP. SULF2 protein levels did not change after forced depletion of LAPTM4B; thus, SULF2 appears to be upstream of LAPTM4B in this signaling axis.
Next, to demonstrate the effect of LAPTM4B on autophagosome formation, SULF2-expressing cells that were also stably transfected with GFP-LC3 were treated with LAPTM4B siRNA. Compared with control, LAPTM4B siRNA treatment significantly reduced autophagosome formation, resulting in fewer cells with positive GFP-LC3 puncta (Fig. 7B ).
To investigate whether LAPTM4B mediates SULF2-dependent autophagic flux, including fusion between autophagosomes and lysosomes, SULF2expressing cells were treated with scrambled versus LAPTM4B siRNA and stained for autophagosomes (anti-LC3B, red) and lysosomes (anti-LAMP1, green). SULF2-expressing cells treated with scrambled siRNA showed robust colocalization between autophagosomes (anti-LC3B, red) and lysosomes (anti-LAMP1, green), and this high degree of colocalization decreased significantly after LAPTM4B siRNA treatment ( Fig. 7C ).
Finally, cells were labeled with markers for LMP. SULF2-expressing control cells showed more colocalization between the lysosomal enzyme cathepsin D (anti-cathepsin D, red) and lysosomes (anti-LAMP1, green) ( Fig. 8A , left column). By contrast, LAPTM4B knockdown decreased colocalization between the two markers; instead, cells showing diffuse cytosolic cathepsin D and irregular LAMP1 staining were significantly increased (Fig.  8A, right column) . The galectin-3 puncta formation assay showed consistent results; SULF2-expressing cells treated with LAPTM4B siRNA showed significantly more galectin-3 puncta, suggesting LMP (Fig. 8B) . We also attempted to characterize the distribution and colocalization of LAPTM4B protein by immunofluorescence. The anti-LAPTM4B antibody that we used for identifying protein expression was only usable for western blot. Another antibody that we tried was reportedly designed for both western blot and immunofluorescence. However, unfortunately, in initial western blot experiments, the LAPTM4B protein was not identified in the region corresponding to the predicted molecular weight of LAPTM4B protein in either HCC cells or human embryonic kidney (HEK) 293 cells, which were used as a positive control. Consequently, we were unable to reliably assess the localization of LAPTM4B by immunofluorescence.
inHiBition oF tHe sulF2-laptm4B aXis suppResses gRoWtH oF sulF2-eXpRessing HCC Cells
Next, to assess the effects of the SULF2-LAPTM4B axis on HCC cell growth, SULF2-expressing Hep3B cells were subjected to MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) analysis after treatment with the scrambled siRNA, LAPTM4B siRNA, SULF2 siRNA, or both LAPTM4B and SULF2 siRNAs for 48 hours. Compared with the control, the percentage of viable cells was significantly lower in LAPTM4B siRNA-treated cells (81.9% ± 7.1%; P < 0.001) and SULF2 siRNA-treated cells (71.5% ± 6.1%; P < 0.001). When cells were treated simultaneously with both LAPTM4B and SULF2 siRNA, the cell viability was decreased further (61.2% ± 10.7%; Fig. 9A) .
In addition, we tested the effect of suppression of LAPTM4B, SULF2, or both LAPTM4B and SULF2 on the ability of the SULF2-overexpressing Hep3B cell line to grow in soft agar. Temporary knockdown of these genes with siRNA markedly inhibited anchorage-independent growth as compared with negative control (Fig. 9B ). In particular, combined LAPTM4B and SULF2 siRNA treatment led to the largest decrease in colony formation compared with the LAPTM4B siRNA-only or SULF2 siRNA-only treated group.
Taken together, our results suggest that activation of the SULF2-LAPTM4B axis enhances the complete autophagic process in HCC cells, which leads to the progression of HCC. Perturbing autophagic flux by inhibition of the SULF-LAPTM4B axis resulted in LMP as well as in decreased cell viability and colony formation (Fig. 10 ).
Discussion
Autophagy is a fundamental process that is needed for all living cells, including cancer cells, to survive. (1-3) Autophagy helps to maintain an optimal cellular environment by degrading and removing unnecessary or dysfunctional intracellular components. If this machinery does not function in a synchronized manner, abnormal cells appear, accumulate, and finally dominate the environment, leading to development of diseases such as cancer. (1, 2) Various molecular pathways are involved in autophagy, including mammalian target of rapamycin and beclin 1-interacting complex. (1, 2) These pathways elaborately regulate autophagy in response to external stimuli.
SULF2, an enzyme that specifically removes the 6-O-sulfate groups of HSPGs, also modulates the function of various intracellular pathways by altering the binding sites of many heparin-binding growth factors and cytokines. (8) Our previous study identified that SULF2 increases resistance to chemotherapeutics by activating the phosphatidylinositol 3-kinase-Akt pathway. (8, 11) The acquisition of resistance to drug treatment is also a typical consequence of autophagy. (12) Therefore, we investigated whether the expression levels of SULF2 have an influence on the autophagic flux in HCC cells. SULF2-expressing cells showed a significantly higher number of autophagosomes and autolysosomes compared with controls, suggesting that SULF2 expression results in "complete" autophagic flux, comprising the entire sequence from autophagosome formation to lysosomal degradation. Because the increment of autolysosome numbers was higher than that of autophagosomes, we specifically focused on lysosomes. We found that SULF2-expressing cells clearly showed more colocalization between (1) autophagosomes and lysosomes (autolysosome formation) and (2) lysosomes and lysosomal enzymes (enzymatic degradation), which again suggests that the entire autophagic process is enhanced without interruption. However, no direct relationship between SULF2 expression and lysosomal fusion has been reported thus far. Consequently, we sought to identify a potential mediator that is associated with both SULF2 and lysosomal fusion.
In our previous study, one of the genes that was positively correlated with SULF2 was LAPTM5. (9) However, LAPTM5 mostly distributes in the hematologic system and is involved in adult hematopoiesis or embryogenesis, (10) and thus has been studied in hematologic malignancies. (13, 14) However, LAPTM4B, another gene that belongs to the LAPTM family and shares several characteristics with LAPTM5, (10) has been investigated widely for its clinical significance in various solid cancers including HCC. (15, 16) In fact, LAPTM4B is structurally similar to LAPTM5 and is one of the top interactants of LAPTM5. (17) LAPTM4B belongs to the LAPTM4B/LAPTM5 transporter family and is located in the late endosomes and lysosomes. (18) The role of LAPTM4B is not fully understood; however, it is thought to be involved in maintaining optimal lysosomal function. (19) Previous studies identified LAPTM4B as a potential oncogene, as overexpression was associated with increased colony formation, cell proliferation, migration, and invasion. (16, 20) Furthermore, in human specimens, higher levels of LAPTM4B were observed in HCC compared with the adjacent normal tissue and were associated with poor clinical outcomes. (16, 21) Because we have shown that SULF2 expression positively correlated with expression of LAPTM4B, these results are consistent with our previous report of poor clinical outcomes in patients with HCCs expressing SULF2. (11, 22, 23) In this manuscript, we have explored the functional interaction between SULF2 and the effects of LAPTM4B on autophagy. We found that LAPTM4B acts as a crucial mediator of enhanced autophagy in SULF2-expressing cells. In contrast, inhibition of LAPTM4B decreased autophagy but instead induced LMP. This result is comparable to the previous study by Li et al. that identified that LAPTM4B depletion was associated with increased LAMP and decreased autophagic flux in breast cancer cell lines. (24) In addition, when LAPTM4B and SULF2 are simultaneously suppressed, cell viability and colony formation were significantly decreased in SULF2-expressing HCC cells, compared with suppressing LAPTM4B or SULF2 alone. Because LAPTM4B and SULF2 have separately been shown to increase HCC cell proliferation and colony formation, (8, 9, 11, 15, 16, (20) (21) (22) 24) our results suggest that inhibition of SULF2-LAPTM4B axis could exert a greater effect on HCC progression by additionally modulating autophagy.
One of the limitations of our study is that the anti-LAPTM4B antibody that we used for identifying protein expression was only usable for western blot; thus, we were not able to demonstrate the distribution of LAPTM4B protein by immunofluorescence.
In conclusion, activation of a SULF2-LAPTM4B axis contributes to enhanced autophagic flux in HCC cells. LMP occurs when the SULF2-LAPTM4B axis is suppressed. Inhibition of the SULF2-LAPTM4Bdependent autophagic pathway could be a therapeutic target in HCC patients.
Materials and Methods
Cell lines
Human hepatocellular carcinoma cell lines, Huh7 and Hep3B, were used in this experiment. Huh7 was purchased from the Japanese Collection of Research Bioresources Cell Bank and cultured in Dulbecco's modified Eagle's medium (DMEM; Gibco) supplemented with 10% fetal bovine serum. Hep3B was purchased from American Type Culture Collection (Manassas, VA) and cultured in minimum essential medium (MEM; Gibco) supplemented with 10% fetal bovine serum. Both cell lines were grown at 37°C in a 5% CO 2 incubator.
The cells were seeded in the 10-cm plates at 60%-70% confluence without any chemical compounds, including selecting antibiotics, and maintained for 24 hours for further assay. Bafilomycin-A1 (100 nM; B1793; Sigma-Aldrich, St. Louis, MO) was added for the last 2 hours of assay. For control groups without bafilomycin-A1 treatment, the same volume of dimethyl sulfoxide (DMSO) was added.
The expression of SULF2 was examined in both of the cell lines before transfecting shRNA or overexpression plasmid.
The presence of mycoplasma contamination was examined by the MycoAlert Mycoplasma Detection Kit (LT07-418; Lonza, Basel, Switzerland) before performing next-step assays/experiments or regularly at once a month.
plasmiD, ViRus pRoDuCtion, anD tRansFeCtion
For Huh7 cells that essentially express high SULF2, shRNA targeting SULF2 mRNA was stably transfected. The target sequence, CATCAATGA GACTCACAATTT, was cloned into the pLKO.1 vector that harbors the puromycin-resistance gene. Subsequently, lentiviral particles were produced by transfecting the plasmids to the HEK 293T cells. The Huh7 cells were infected with lentiviral particles and puromycin was treated for selecting and maintaining the cells. Lentivirus containing scrambled shRNA sequence was used as control.
The SULF2-negative Hep3B cells were transfected with the pcDNA3.1 plasmid (Invitrogen, Carlsbad, CA) harboring full-length SULF2 complementary DNA (cDNA). These cells were treated with 400 μg/mL of geneticin (Invitrogen) for 14-21 days for selecting geneticin-resistance clones. The isolated clones were tested for the SULF2 expression levels and maintained with 200 μg/mL of geneticin. The Hep3B cells transfected with empty pcDNA3.1 were used as control.
Fugene 6 Transfection Reagent (11814443001; Roche Diagnostics, Mannheim, Germany) and Lipofectamin LTX with Plus Reagent (15338100; Invitrogen) were used for transfecting HEK 293T and Hep3B cells, respectively.
WesteRn Blots anD antiBoDies
The Cell Extraction Buffer (FNN0011; Invitrogen) was used to extract the cellular proteins. Whole cell lysates were incubated on ice for 30 minutes and centrifuged at 14,000 G, 4°C, for 10 minutes. The protein concentration of the collected supernatant was measured using Pierce BCA Protein Assay Kit (23227; Thermo Fisher Scientific, Waltham, MA). Equal amounts of proteins were electrophoretically separated on 4%-15% gradient or 15% sodium dodecyl sulfate-polyacrylamide gels, depending on the molecular weights. Subsequently, the proteins were transferred to polyvinlidene fluoride membrane, blocked with 5% nonfat dry milk, washed with 0.1% Tris-buffered saline and Tween 20 (TBS/T), and incubated at 4°C overnight with the primary antibodies. After washing out the primary antibody solution with 0.1% TBS/T, the blots were incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies at room temperature for 1 hour. The chemiluminescent HRP antibody detection reagent HyGlo Quick Spray Kit (E2400; Denville Scientific, Metuchen, NJ) was used for developing the blots.
The list of primary antibodies used in the western blot and/or immunofluorescence is as follows: anti-SULF2 (1:1,000; MBS219851; MyBioSource, San Diego, CA), anti-LC3B (1:1,000 to 1:2,000; ab192890; Abcam, Cambridge, United Kingdom), anti-p62 (1:2,000; ab56416; Abcam), anti-LAMP1 (1:10,000; ab25630; Abcam), anti-cathepsin D (1:2,000; ab75852; Abcam and 1:100; sc-13148; Santa Cruz Biotechnology, Dallas, TX), anti-cathepsin B (1:1,000; ab125067; Abcam), anti-PARP (1:1,000; 9542, Cell Signaling Technology, Danvers, MA), anti-cleaved PARP (1:1,000; 5625, Cell Signaling Technology), anti-caspase 8 (1:200; sc-73526; Santa Cruz Biotechnology), anti-caspase-9 (1:1,000; 9508; Cell Signaling Technology), anti-Bak (1:10,000; ab32371; Abcam), anti-Bax (1:1,000; ab32503; Abcam), anti-Bcl-2 (1:500; 13-8800; Invitrogen), anti-galectin-3 (1:1,000; ab76245; Abcam), anti-LAPTM4B (1:250; AP20870a; Abgent), anti-α-tubulin (1:5,000; ab7291; Abcam), and anti-GAPDH (1:1,000; 2118; Cell Signaling Technology). Goat anti-mouse immunoglobulin G (IgG) (5220-0341; SeraCare, Milford, MA) or goat anti-rabbit IgG (7074; Cell Signaling Technology) secondary antibodies were used at 1:5,000 dilution.
gFp-lC3 FluoResCenCe miCRosCopy anD QuantiFiCation
The plasmid vector (pCDH-CMV-MCS-EF1a-Puro; CD510B-1; System Biosciences, Palo Alto, CA) expressing fusion GFP-LC3 protein construct was kindly provided by Dr. Frank Sinicrope. The lentiviral particles were prepared using the plasmid, and the cells were stably transfected.
Cells were seeded in the 6-well plate at 60%-70% confluence and maintained for 24 hours without any chemical compound including selecting antibiotics. For the last 2 hours of the experiment, cells were treated with bafilomycin-A1 (100 nM) or control DMSO in a final concentration of 0.1%. Subsequently, the cells were fixed with 4% paraformaldehyde (PFA), and the nuclei were counterstained with 4′,6-diamidino-2-phenylindole (blue).
A total of 50 GFP-LC3 positive cells were examined from 10 random fields (5 cells/field) under the confocal microscope using the × 40 oil immersion objective. If the cytoplasm of the cell showed 30 GFP-LC3 or more puncta and the nucleus was negative for puncta, it was counted as an autophagic cell. Confocal microscopic images were obtained using the ZEN software on a Zeiss 780 using an Ex/Em 488/510-nm filter. All experiments were performed in at least triplicate per condition.
tanDem mRFp-gFp FluoResCenCe miCRosCopy anD QuantiFiCation
The Premo Autophagy Tandem Sensor RFP-GFP-LC3B kit (P36239; Life Technologies, Carlsbad, CA) was used as the assay for cellular autophagic flux. The LC3B is tagged with both GFP and RFP, thereby enabling differentiation of autophagosomes from autolysosomes, as acid-sensitive GFP is degraded by lysosomal enzymes once fusion between autophagosomes and lysosomes occurs and the autolysosomal environment becomes acidic. Therefore, autophagosomes are shown as yellow puncta-positive cells, whereas autolysosomes show only red puncta. The cell preparation for confocal microscopic exams was performed. The number of cells positive for yellow or red puncta was counted after examining 50 cells in 10 random fields (5 cells/field) under a × 40 confocal microscope objective. Confocal microscopic images were obtained using the ZEN software on a Zeiss 780 with the following filters: Ex/Em 488/510 nm for GFP and Ex/Em 568/603 nm for RFP. All experiments were performed in at least triplicate per condition.
eleCtRon miCRosCopy
The cellular ultrastructure was examined using transmission electron microscopy ( JEOL 1400, Peabody, MA). A total of 50 intact cells were observed from 10 random fields (5 cells/field), and the number of autophagosomes and autolysosomes were counted separately.
measuRement oF CatHepsin aCtiVity
Cathepsin D (Abcam; 65302) and cathepsin B (Abcam; ab65300) activity kits were used to compare cathepsin activity in SULF2-expressing versus nonexpressing cells. Briefly, whole cell lysates were collected and an equal amount of protein was placed in each well of a clear-bottomed, black 96-well plate after the volume was adjusted to 50 µL with cell lysis buffer. Then 50 µL reaction buffer, together with 2 µL cathepsin D or cathepsin B substrate, was added to each well. The reactions were incubated at 37°C in the dark for 90 minutes. The fluorescence of the converted substrates was read at Ex/Em of 328/460 nm for cathepsin D and Ex/Em of 400/505 nm for cathepsin B. All experiments were performed in at least triplicate, and each experiment was done with the samples in triplicate. The values are presented as relative fluorescence unit after subtracting the background values.
immunoFluoResCenCe Cells were seeded in the 6-well plates at 60%-70% confluence and maintained for 24 hours without any chemical compound, including selecting antibiotics. Bafilomycin-A1 or DMSO was added for the last 2 hours when needed. For confocal microscopy, the cells were fixed with 4% PFA and then permeabilized in 0.1% Triton-X-100 in phosphate-buffered saline (PBS) for 5 minutes. After washing, the cells were blocked with 5% normal goat serum in PBS at room temperature for 1 hour. The blocking buffer was washed out and the cells were incubated in the primary antibody solution diluted in 5% normal goat serum in PBS at 4°C overnight.
The cells were then washed and incubated with appropriate secondary antibodies diluted 1:500 in 5% normal goat serum in PBS (Alexa Fluor 488 goat antimouse [A11001] and Alexa Fluor 568 goat antirabbit [A11011]) (Invitrogen) at room temperature for 1 hour, protected from light.
The prepared slides were examined by confocal microscopy. For the evaluation of fusion between autophagosomes and lysosomes, a total of 100 autophagic cells (≥ 30 LC3B puncta in the cytoplasm) were identified for each condition. The ImageJ (National Institutes of Health, Bethesda, MD) plugin JACoP was used to measure the degree of colocalization and calculate the Pearson's correlation coefficients. LMP was evaluated in two different immunofluorescence experiments. First, a co-immunofluorescence experiment using markers for lysosomal enzyme (cathepsin D) and the LAMP1 were performed. Second, the galectin-3 puncta formation assay was performed by staining the cells with galectin-3 and LAMP1. Diffuse cytosolic staining of cathepsin D or punctate staining of galectin-3 was detected as a result of LMP. In both experiments, a total of 50 cells from 10 random fields (5 cells/field) were observed, and the percentage of the cells showing diffuse cytosolic staining of cathepsin D or punctate staining of galectin-3 was calculated, respectively. If the cytoplasm of the cell showed at least 10 galectin-3 puncta, it was considered as positive for LMP.
QuantitatiVe Real time-pCR
Total RNA was extracted from the cells using the Direct-zol RNA Miniprep Kit (R2050; Zymo Research, Irvine, CA) according to the manufacturer's instructions. cDNA was synthesized from 1 µg of RNA reversed-transcribed with random primers (High-Capacity cDNA Reverse Transcription Kit; 4368814; Applied Biosystems, Foster City, CA). The SYBR Green Master Mix (Roche Diagnostics) was used for quantitative real-time PCR, and the amplified fluorescence signal was detected by Roche LightCycler 480 (Roche Diagnostics). All experiments were performed with three replicates per experiment. The relative mRNA expression was presented as 2 (-ddCt) calculated from the threshold cycle values.
The primers used for quantitative real-time PCR are 5′-CAACCTCGTGCCCAAGTACT-3′ (SULF2-F), 5′-CACTGAAGTCCCCACCATCC-3′ (SULF2-R), 5′-TCAATGCTGTGGTACTGTT GA TT-3′ (LAPTM4B-F), 5′-GTACGCT CCGTAAGT AGCCATA-3′ (LAPTM4B-R), 5′-GCGTCTTG TTGTTCATCGAGC-3′ (LAPTM5-F), 5′-CGAT CCTGAGGTAGCCCAT-3′ (LAPTM5-R), 5′-CAT GTACGTTGCTATCCA GGC-3′ (β-actin-F), and 5′-CTCCTTAATGTC ACGCACGAT-3′ (β-actin-R).
Rna inteRFeRenCe
The cells were seeded in 6-well plates at 50%-60% confluence and maintained for 24 hours without any chemical compound, including selecting antibiotics. Then, siRNA targeting LAPTM4B (5′-CCUACCUGUUUGGUCCUUATT-3′ [sense], 5′-UAAGGACCAAACAGGUAGGAT-3′ [antisense]; 4392420; Invitrogen) was transfected to the cells and maintained for 48 hours before further analysis. As a control, a scrambled siRNA (4390843; Invitrogen) was used. Lipofectamine RNAiMax (13778075; Invitrogen) together with Opti-MEM Reduced Serum Medium (31985070; Gibco) were used for transfecting siRNA according to the manufacturer's instructions.
Cell pRoliFeRation assay
The in vitro cell viability test was performed with a MTT assay. Cells were seeded at a density of 0.5 × 10 4 cells/well in 96-well culture plates. After 24 hours, the cells were transfected with the siRNA for 48 hours. The cells were incubated with 20 µL of 5 mg/mL MTT solution, protected from light. After 3 hours, culture medium was carefully discarded and formazan was resuspended with 200 µL of DMSO. Finally, the cell viability in each well was measured in terms of optical density at 560 nm, with 670 nm for reference.
soFt agaR Colony FoRmation assay
As for anchorage-independent growth, CytoSelect 96-well Cell Transformation Assay Kit (Cell Recovery Compatible, Colorimetric; CBA-135; Cell Biolabs, Inc., San Diego, CA) was used in accordance with the manufacturer's instructions. Briefly, the mixture of 1.2% agar solution, 2 × DMEM medium, and 500 SULF2-positive Hep3B cells that were transfected with various siRNAs was plated into a 96-well microplate. The plates were incubated at 37°C in 5% CO 2 , and the colonies that had formed after 7 days were quantified by colorimetric assay using MTT in detergent solution. Absorbance was detected at 570 nm. Assays were performed in duplicate, and each experiment was done with the samples in triplicate.
statistiCal analysis
All statistical analyses were performed using SPSS version 22.0 (SPSS Inc., Chicago, IL). The relationships between the experimental condition and continuous variables were assessed by Student t test. GraphPad Prism 5.0 was used for graphical presentations of the data (GraphPad Software Inc., San Diego, CA). All bar graphs represent the mean ± SEM derived from each independent experiment.
